Abstract-Analyzing the concentration of acetone in human breath constitutes a promising non-invasive means to diagnose the onset of diabetes, with acetone levels of at least 1.8ppm typically associated to individuals suffering from diabetes. In this paper, we report the performance of a hierarchical ZnO nanostructure gas sensor for acetone detection. The fabricated gas sensor can detect concentrations as low as 1ppm while operating at a comparatively lower temperature of 200°C. In addition, the proposed gas sensor can be fabricated on a silicon wafer using a MEMS process, making it thereby possible to fully integrate gas sensing and electronic circuitry on a single silicon chip.
INTRODUCTION
Diabetes is a global epidemic affecting 382 million people worldwide. No longer confined to developed countries like the US (24.4 million cases), diabetes is rapidly on the rise in developing countries such as China (98.4 million cases) and India (65.1 million cases).
The International Diabetes Federation predicts that 592 million people will be affected worldwide by 2035. The economic burden associated to diabetes worldwide was estimated to be $584 billion in 2013 alone. Patients suffering from diabetes have abnormally high blood glucose (blood sugar) because of factors such as inadequate production of insulin by the pancreas or inadequate use of this insulin by the body. Untreated, this condition can lead to serious diseases affecting the heart, blood vessels, and nerves. Diabetes has become a leading cause of heart attacks, blindness, kidney failure, and lower limb amputation.
Early diagnosis of diabetes is thus essential to help patients and doctors manage this life-long condition. Traditionally, this has been carried out using blood glucose meters that measure the level of sugar in the blood [1] . However, blood sampling is invasive, painful and inconvenient. A promising alternative is to measure the concentration of acetone in the volatile compounds emanating from the mouth. This is because acetone is synthesized in the liver and evacuated from the body through urine and lungs [1, 2] . Normally, the concentration of acetone in the exhaled breath of healthy people would be below 0.8 particle per million (ppm). In diabetes patients, the concentration would be above 1.8ppm. As a result, acetone can be regarded as a biomarker of diabetes prognosis and diabetes staging.
Semiconductor gas sensors have been investigated as a means to detect acetone concentration in human breath. A number of sensing materials have been used, including ZnO, TiO2, and InN. For example, Kakati et al [3] proposed a thin film ZnO gas sensor with an acetone detection limit of 100ppm. This poor performance is due to the low surface to volume ratio of the fabricated ZnO thin films [3] . Teleki et al used TiO2 nanoparticles to achieve an acetone detection limit of 1ppm [4] . However, their TiO2 based sensor requires an operating temperature of 500℃ while its sensitivity (% per concentration decade change) is low [4] . Kao et al reported InN FETs with a sub-ppm acetone detection limit and a relatively low operating temperature of 200℃ [5] . However, the fabrication process uses a sapphire substrate. As a result, the CMOS processing circuitry cannot be readily integrated with the sensing. To address the aforementioned limitations, we report, in this paper, the performance of a hierarchical nanostructure ZnO gas sensor that meets the requirements of acetone detection limit for diabetes diagnosis, operating temperature and traditional silicon MEMS process for largescale production. This paper is organized as follows. Section II outlines the fabrication steps of the ZnO hierarchical nanostructure gas sensor. Section III evaluates the performance of the fabricated and discusses the reported experimental results. Finally, a conclusion is drawn in Section IV.
II. HIERACHICAL ZNO NANOSTRUCTURE GAS SENSOR

A. Operating principle
Given the oxygen vacancies and Zn dangling bonds in the crystal lattice, intrinsic ZnO is a n-type semiconductor. When placed at ambient atmosphere, the surface of nanostructure saturates with oxygen, thereby consuming most of the free carriers in the structure. Given the large band gap of ZnO, the resulting infinitesimal amount of electron results in a large resistance for the sensor. When the sensor is exposed to acetone, the hydrogen atoms on the dissociated acetone molecules (CH3COCH3) will react with the pre-adsorbed oxygen molecules and release the electrons that were captured by the oxygen. Furthermore, the replacement of absorbed oxygen by acetone will also provide additional free electrons. As a result of the reduction of pre-adsorbed oxygen atoms and the adsorption of acetone, a decrease of the sensor resistance is observed [5] , with the latter being a function of the acetone concentration.
B. Traditional fabrication process
The traditional fabrication process of ZnO nanowire involves a "drop-cast" method, which suffers from a number of intrinsic issues. First, ultrasonic exfoliation is needed to break down assembled nanostructures and let them dissolve in a solution. However, this ultrasonic process and solution corrosive can seriously damage the exfoliated nanostructures. This impacts negatively on the process yield. Second, the random distribution of the nanowires makes the contacts between nanostructures and the pre-defined electrodes very inefficient as the solid contacts need to be inspected manually by a high-resolution microscope. This is very time consuming, thereby limiting the mass production of such sensors.
C. Improved fabrication process
To address the issues associated to the traditional fabrication process, we have proposed a novel "solution-free" method that fully avoids ultrasonic damage and the random distribution of nanowires in the traditional "drop-cast" method [6, 7] . The adopted fabrication process can be summarized ( Fig.  1 ) as follows.
First, a 1-µm silicon dioxide passivation layer is deposited on top of the bare silicon wafer. The wafer is then rinsed with deionized water. A 1.25-µm thick photoresist (HPR 504) is then spin-coated on top of the wafer (Fig. 1a) . After UV exposure with cross-comb-shape mask followed by development in a FHD-5 solution (1min), the electrodes' region is exposed ( Fig. 1b and Fig. 1c ). Ti is then sputtered to increase the adhesion with the silicon substrate while Pt is sputtered to form ohmic contacts with the ZnO nanostructure.
Finally, Au is sputtered last to act as the catalyst for ZnO growth. The thickness of the sputtered metals were 20nm for Ti, 80nm for Pt, and 20nm for Au, respectively. After sputtering, acetone is used to lift-off the remaining photoresist, (Fig. 1d) . The wafer is then further developed at 700℃ for 30min to form a layer of Au nanoparticles as the catalyst for ZnO growth. A conoid vial was placed in the CVD glass tube with 400 mg of Zn powder (99.9% from Sigma-Aldrich Inc.) in the windward side of the cone and the patterned silicon substrate in the leeward side (Fig. 1e) .
This was done in order to increase the utilization coefficient of Zn and sustain an appropriate ratio of Zn and oxygen. After filling the tube with nitrogen, the furnace temperature is raised quickly to 700℃ to vaporize Zn (the melting point of Zn is 420 ℃.). Oxygen was diluted in argon with a volume ratio of 1:49 to optimize the nucleation process [6] . This gas mixture not only helps the diffusion of Zn vapor onto the silicon but also provides the oxygen for the Au nanoparticles. After keeping the vial at 700℃ for 30 min, the furnace was shut down and naturally cooled down to room temperature. The proposed hierarchical ZnO nanostructure looks like a nano-comb with its "backbone" and convex sections [7] . This can clearly be seen in the scanning electron microscope (SEM) image shown in Fig. 2 . The width of the "backbone" region was found to range from a few hundred nanometers to 1 µm while the height of convex columns was around 2.2 µm. Fig. 1f and Fig. 1g depict the fabrication process steps required to integrate the CMOS processing circuitry together with the gas sensor on the same silicon chip. The silicon wafer is firstly spin-coated (Fig. 1f) with a layer of photoresist before photolithography is used to pattern the circuit mask (Fig. 1g) . This is followed by sputtering, etching, and deposition processes to fabricate the CMOS processing circuitry. Fig. 1h depicts the final die, which integrates both sensing and processing elements.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Experimental setup
The fabricated gas sensors have been characterized using acetone in a controlled laboratory environment using the experimental setup shown in Fig. 3 . A calibrated 4.98 ppm acetone (by Arkonic Inc.) gas cylinder of large capacity is used to operate the sensor under a constant flow situation. The exhaust tube connected to the fume hood vent naturally stabilizes the testing pressure by counterbalancing the thermal expansion caused by the heater. Mass flow controller (MFC, UNIT Inc. UFC-1660) is used to precisely adjust the amount of gas injected into the container housing the sensors (Fig.4a) . Gas concentration control is achieved by mixing acetone with dry air at different flow rates in the container. Flow rates are controlled by adjusting the voltage ratio of the MFC between dry air and the analyte. The two-bottle container (Fig. 4a) is an isolated and Volatile Organic Compound (VOC) free container for sensor testing. In order to isolate the acetone from atmosphere, the testing container is sealed using gasket rings made of rubber. Because sensor testing usually takes hours and even days, the resulting heat radiations can result in the rubber made gasket rings releasing a large amount of pungent VOCs. The latter could significantly interfere with measurements of low concentration of acetone. To address this problem, we have implemented the unique "matryoshka" style or two-bottle design (Fig. 4a) in our setup.
The function of the outer bottle is to isolate the sensor form the environment while the role of the inner bottle is to provide a VOC free environment. This is possible only if the inner bottle is made of VOC-free quartz, with no use of rubber. In addition, the large lead-in and exhaust area ratio guarantees the purity of the acetone because of the adopted constant flow testing procedure. Although the sealing gasket in the outer lid will generate VOCs after a long testing period, these VOCs will remain restricted to the outer bottle and evacuated by the exhale gas from the inner container to the exhaust tube connected to the lid of the outer container. Moreover, all the wires connected to the socket are covered by high temperature VOC-free kapton tapes. The power supply provides VDD to the testing circuit. Signal is read out through a 12-bit analog-todigital convertor (ADC) on a printed circuit board (PCB). In our test, the supply voltage was set at 10V and the resistance Rs of the sensor was read-out using the simple voltage divider shown in Fig.3b :
Sensor resistances were recorded continuously using a data acquisition board (DAQ) with a sampling rate of 1 Hz. 
B. Measurements and Discussion
A number of experiments have been conducted to investigate the response of the fabricated hierarchical ZnO nanostructure gas sensor. These experiments were conducted with sensors operated at 200℃. Fig. 5 reports the response of two sensors exposed to acetone concentrations varying from 1 ppm to 5 ppm, with 1ppm step. Before each of these acetone exposures, the sensor was exposed to dry air for 1 hour. This has the effect of cleaning the sensor surface before each new acetone exposure, which lasts for 1 hour. Fig.5 shows that the variation in sensor resistance becomes more significant as the acetone concentration is increased. The sensitivity of the sensor to acetone is usually defined as:
where Racetone and Rair correspond to the measured sensor resistances when sensor is exposed to acetone and air, respectively. Fig. 6 reports the measured sensitivity of two sensors for acetone concentration ranging from 1ppm to 5ppm. Note that the performance of the sensors is very similar.
Measured sensitivities values were approximately 5.4%, 10.2%, 17.6%, 26.4%, and 42.6% for both sensors, respectively for acetone concentration ranging from 1ppm to 5ppm. Thus, the sensitivity increases sharply with increasing concentration of acetone. Given that the acetone concentration in human breath has been found to be less than 3ppm even in diabetes patients, the proposed sensor provides a response that is a linear function of the acetone concentration. Testing has also shown successful sensor operation in the presence of CO2and water vapor. This greatly facilitates the calibration of the sensor. Table I compares the performance of our proposed hierarchical ZnO nanostructure against prior works reporting gas sensors for acetone detection. Given that diabetes detection requires a detection range of 1-3ppm, ZnO thin films reported in [3] are not suitable for such an application. On the other hand, the thin film TiO2 reported in [4] , exhibits a low sensitivity of 0.42 when exposed to 1 ppm of acetone. This low sensitivity is mainly caused by the low surface to volume ratio of the structure and non-uniformity of the film thickness due to the adopted drop-coating technique. As a result, a high operating temperature (500℃) is required to have an adequate output response.
[8] proposed the use of WO3 nanoparticles to detect acetone. For this to occur, WO3 needs to be in ε phase. In addition, fabrication needs to be carried out using the flame spray pyrolysis (FSP) method. Although the WO3 small size nanoparticles (around 20 nm in diameter) have large surface to volume ratio, the FSP method relies on an expensive material solution, which increases the cost of sensor. In addition, the FSP method is very vulnerable to contamination due to its open working state. Besides, given that the sensing ε phase is not stable comparing to its γ phase counterpart, Cr doping is required to ensure the phase is kept stable. This is crucial as only the acentric ε phase responds to acetone, with the other phases being quite inert to acetone [8] .
Finally, the InN based acetone sensor reported in [4] is fabricated using a plasma-assisted molecular beam epitaxy method. With a 10 nm thick Pt catalyst, the thin film InN is able to detect acetone concentrations as low as 0.4 ppm. The sensitivity of the sensor is quite high, at about 7.5% when exposed to 1 ppm acetone at 200℃ [5] . However, because the sensor needs to be fabricated on alumina substrates with an AlN buffer layer, such a sensor cannot be integrated with readout circuit on the same silicon wafer. On the other hand, our proposed hierarchical ZnO nanostructure gas sensor is fully compatible with monolithic integration, enabling not only low cost mass production but also the actual integration of sensor and associated readout and processing circuitry. This has the potential to further reduce cost while providing an on-chip solution. Furthermore, the proposed sensor still boasts relatively low operating temperature, suitable detection range for acetone and linear response over the region of interest.
IV. CONCLUSION
A hierarchical nancomb structure ZnO gas sensor is proposed for the task of acetone detection. Compared to prior works, the proposed sensor has the significant advantage that it can be fabricated using semiconductor industry standard MEMS process. Besides being easier to fabricate and more cost effective, its compatibility with CMOS technology provides a means to integrate sensor together with processing circuitry onto a single chip. Reported experimental results show that the proposed sensor is able to detect acetone concentrations as low as 1ppm making it suitable for diabetes detection. Its sensitivity is shown to be a linear response of acetone concentration in the targeted region of interest. Future work will determine the performance of the sensor in the presence of H2O and CO2, which can both be found in human exhale. 
